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The  effect  of  velocity-changing  collisions  in  an  extended-pulse  photon  echo  is  studied.  In  an 
extended-pulse  photon  echo,  the  second  excitation  pulse  has  a  duration  comparable  with  the  relaxa¬ 
tion  time  of  an  atomic  system.  We  present  an  analytic  st^ution  of  the  quantum-mechanical  trans¬ 
port  equation^in  the  perturbation-theory  limit  and  applfctr'to  the  extended  pulse  photon  echo.  It  is 
found  that  the  decay  rate  of  the  echo  signal  due  to  velocity-changing  collisions  is  significantly 
modified  by  the  variation  of  the  second  pulse's  duration.  The  results  are  compared  with  those  cf 
conventional  theories  of  two-  and  three-pulse  echoes  using  temporally  narrow  excitation  pulses.  A 
physical  interpretation  of  the  results  is  given  using  both  time-  and  frequency-domain  arguments. 
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_ I  I.  INTRODUCTION 

It  is  well  known  that  the  photon  echo  represents  a  non¬ 
linear  laser  spectroscopic  technique  which  has  been  wide¬ 
ly  used  for  Doppler-free  measurements  since  it  was  first 
discovered  in  the  optical  domain  in  1964.'  Photon-echo 
experiments  were  found  to  be  very  useful  for  studying 
velocity-changing  collisions,  owing  to  the  fact  that  the 
photon-echo  signal  is  Doppler  free  and  that  phase  infor¬ 
mation  associated  with  the  velocity  of  atoms  is  preserved 
in  the  whole  process.  Many  experiments^  "  have 
demonstrated  that  the  photon  echo  can  serve  as  a  highly 
sensitive  probe  of  the  various  population  and  coherence 
collision  kernels  that  characterize  an  atomic  vapor.  For 
example,  consider  a  photon-echo  experiment  performed 
in  a  vapor,  in  which  the  two  excitation  pulses  applied  are 
separated  by  a  time  T  and  the  echo  is  produced  at  time 
2T.  The  durations  of  the  pulses  are  shorter  than  all 
relevant  inverse  frequencies  in  the  problem.  We  refer  to 
such  a  short-duration  pulse  excitation  scheme  as  a  con¬ 
ventional  photon  echo  (CPE).  The  active  atoms  interact 
with  the  external  fields  and  undergo  collisions  with  per- 
turber  atoms  in  the  medium.  If  collisions  are  phase  inter¬ 
rupting  in  their  effect  on  the  electric-dipole  coherence, 
the  signal  decays  with  a  simple  exponential  form  whose 
exponent  is  proportional  to  the  pulse  separation,  whereas 
if  they  are  velocity  changing  in  nature,  the  exponent  is  a 
more  complicated  function  of  the  pulse  separation.’ 

A  theory  of  the  photon  echo  in  the  presence  of 
velocity-changing  collisions  was  given  previously  based 
on  a  quantum-mechanical  transport  equation  (abbreviat¬ 
ed  as  QMTE),'’  "*  To  be  able  to  apply  the  QMTE  to  the 
photon-echo  problem,  it  is  required  that  the  system  be 
subject  to  certain  physical  assumptions  and  approxima¬ 
tions.  One  assumption  is  that  the  duration  of  a  collision 
is  smaller  than  any  time  scale  in  the  problem,  which  pro¬ 
vides  the  validity  of  the  binary  collision  and  impact  ap¬ 
proximations.  For  the  CPE,  with  certain  collision  ker¬ 
nels,  an  analytic  solution  of  a  simplified  QMTE  (neglect¬ 
ing  the  relaxation  during  short  excitation  pulses)  can  be 
obtained,  which  predicts  the  relative  echo  amplitude  as  a 


function  of  pulse  separation.  The  situation  changes  if  one 
or  both  of  the  excitation  pul.ses  is  of  a  longer  duration, 
such  that  relaxation  effects  can  no  longer  be  neglected 
during  the  pulses.  Both  the  atom-field  and  collisional  in¬ 
teractions  need  to  be  taken  into  account  in  the  same  time 
interval.  Specifically,  if  the  first  pulse  is  narrow  and  the 
second  pulse  is  comparatively  very  long,  which  we  refer 
to  as  an  extended-pulse  photon  echo  (EPPE),  the  QMTE 
applied  to  the  long-pulse  interval  leads  to  a  set  of  coupled 
differentio-integral  equations  which  are  difficult  to  solve. 
For  weak  radiation  fields,  however,  a  perturbation  ap¬ 
proach  can  be  used  to  solve  the  QMTE.  For  strong  fields, 
a  general  solution  of  the  QMTE  for  an  extended  pulse  has 
not  been  found,  to  our  knowledge.  Experimentally,  Yodh 
and  co-workers''’  carried  out  an  extended  pulse  photon 
experiment  using  Yb  vapor.  In  that  experiment,  they  ob¬ 
served  that  the  signal  decay  rate  is  affected  dramatically 
by  the  duration  of  the  second  pulse  when  it  is  made 
sufficiently  long.  They  explained  their  result  on  the  basis 
of  a  strong-field  quenching  of  collisional  effects.  To  ex¬ 
amine  this  hypothesis  in  greater  detail,  one  must  solve 
the  QMTE  in  the  presence  of  velocity-changing  collisions 
for  a  strong  field  having  arbitrary  duration.  We  will  dis¬ 
cuss  an  analytic  method  for  solving  the  QMTE  in  the 
strong-field  limit  in  a  subsequent  paper. 

In  this  work,  we  present  a  perturbative  solution  for  the 
EPPE  that  illustrates  some  of  the  underlying  physical 
principles  and  serves  as  a  background  for  the  strong-field 
calculation.  The  extended-pulse  echo  scheme  can  serve 
as  a  prototype  problem  in  which  the  combined  effects  of 
strong  fields  and  velocity-changing  collisions  act  on 
electric-dipole  coherence.  Since  velocity  changes  corre¬ 
spond,  in  effect,  to  a  change  in  the  atomic  resonance  fre¬ 
quency  as  viewed  in  the  laboratory  frame,  the  relaxation 
mechanism  is  representative  of  a  perturbation  that  results 
in  jumps  of  the  transition  frequency. 

The  purpose  of  the  present  work  is  to  study  the  effect 
of  velocity-changing  collisions  under  an  extended  weak 
puLse  by  solving  the  QMTE  from  a  perturbative  ap¬ 
proach.  In  order  to  gain  physical  insight  into  collisional 
effects  in  EPPE,  it  is  very  important  to  first  analyze  sys- 
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tematically  the  dephasing-rephasing  processes  experi¬ 
enced  by  atomic  dipoles  for  no  velocity-changing  col¬ 
lisions.  The  dephasing-rephasing  processes  in  EPPE  is 
more  complicated  than  it  is  in  CPE  and  the  correspond¬ 
ing  phase  diagrams  exhibit  some  features  analogous  to 
those  associated  with  conventional  stimulated  photon 
echoes  (SPE)  involving  three  excitation  pulses  of  short 
duration.'*  Consequently  it  will  prove  useful  to  review 
the  manner  in  which  each  velocity  subclass  contributes  to 
echo  formation  in  both  CPE  and  SPE.  Following  the  dis¬ 
cussion  of  echo  formation  in  the  absence  of  collisions,  we 
include  the  effects  of  velocity-changing  collisions  and 
solve  the  EPPE  problem  using  a  perturbative  approach  to 
treat  the  atom-extended  field  interaction.  Based  on  the 
result,  one  will  be  able  to  see  that  the  pha.se  shift  induced 
by  velocity-changing  collisions  depends  critically  on  the 
duration  of  the  second  pulse,  leading  to  a  significant 
modification  of  the  signal  decay  rate. 

The  paper  is  organized  as  follows.  In  Sec.  11,  we  con¬ 
sider  the  problem  in  the  absence  of  velocity-changing  col¬ 
lisions.  The  basic  theory  and  equations  are  reviewed  for 
analyzing  the  dephasing-rephasing  processes  in  echo  for¬ 
mation,  ineludinp  homogeneous  relaxation  produced  by 
spontaneous  emission  or  phase-interrupting  collisions.  A 
comparison  is  made  between  short-pulse  and  extended- 
pulse  echoes.  In  Sec.  Ill,  we  examine  the  effect  of 
velocity-changing  collisions  for  both  short-pulse  and 
extended-pulse  photon  echoes.  A  perturbation  solution 
of  the  QMTE  and  its  application  to  El’l’E  is  presented 
for  a  so-called  weak-collision  kernel.  Finally,  we  give  a 
physical  interpretation  of  this  solution  and  compare  it 
with  those  of  CPE  and  SPE. 

11.  ECHO  FORMATION  AND  RELAXATION; 

NEGLECT  OF  VELOCITY-CHANGING  COLLLSTON.S 

To  account  for  photon-echo  formation  and  relaxation 
using  various  excitation  schemes,  we  discuss  (Sec.  II  A) 
the  basic  theory,  (Sec.  II  Hi  the  dcptiasing-rcphasing  pro¬ 
cess  in  short-pulse  and  extended-pulse  echo  formation, 
and  (Sec.  11  C)  the  modification  of  echoes  due  to  spon¬ 
taneous  emission  or  phase-interrupting  collisions. 


dz^  c'  c-'  az^ 

where  we  have  assumed  that  the  laser  field  is  polarized  in 
the  X  direction  and  propagates  in  the  Z  direction,  i.e., 

Ei  (Z,t)  =  \Ei^U)cos(kZ  -nt)  .  12,2) 

The  field  has  propagation  vector  k  =  (fi/c)Z,  frequency 
11  which  is  taken  to  be  resonant  with  the  atomic  transi¬ 
tion  frequency  at.  and  amplitude  £()lt)  which,  in  general, 
is  a  slowly  varying  function  of  t  compared  with  cost  Ilf). 
To  calculate  the  echo-field  amplitude  £, (Z, /),  one  must 
calculate  the  induced  polarization  PtZ,t)  which  is  relat¬ 
ed  to  the  off-diagonal  density-matrix  element  pi^  (or  pj,) 
associated  with  the  ensemble  of  two-level  atoms. 

Neglecting  velocity-changing  collisions,  but  including 
the  effects  of  spontaneous  emission  and  phase¬ 
interrupting  collisions,  one  has  the  standard  equations  for 
the  time  evolution  of  density-matrix  elements  given  by 

Piitv,/)-- 

~  '  V' ' '(pi/'’- •  (2..3al 

/'),;( '  y2P22*''T*  ^ . 

(2. .3b) 

Pi,(v,t)=-  -  ly,,  ■)-  r^^,-ikv)p^2^v,t) 

I  V( /)[pi|(  v,f )  ■  p:;(''.tl)  .  (2.. 3c I 

p,|('’T)=  -  (ri2  +  rph-)-/^v)p2,(y./) 

1- i,V(/)[pii(v,f) -p22(v,ll]  ,  (2.3d) 

where  =  is  a  Rabi  frequency  (pi,  is  a  di¬ 

pole  matrix  element),  y,ii—  1,2)  is  the  spontaneous  emis¬ 
sion  rate  of  level  i,  y  ,  ,  is  the  spontaneous  emission  rate 
from  2  to  level  1,  >' i :  ’  ( y  i  +  y:  > /2.  F^^  is  a  phase- 
interrupting  collision  rate,  and  v  is  the  z  component  of 
the  atomic  velocity.  The  primary  task  is  to  evaluate  the 
lime-dcpcndcni  density-matrix  elements  when  atoms  are 
subjected  to  different  excitation  schemes. 


A.  Basic  theory  and  equations 

The  photon-echo  signal  represents  ratlialion  emitted  ;is 
a  result  of  a  macroscopic  polarization  created  in  an  en¬ 
semble  of  atoms  following  interaclnm  with  a  laser  field. 
The  atoms  are  assumeif  to  consist  of  nondegenerate  two- 
level  atoms  with  upper  slate  2  and  lower  state  1  separateil 
by  frequency  m  (see  f  ig.  1 1,  fhe  spatial  ami  leinpoial 
variation  of  the  echo-field  amplitude  E^Zj)  and  tfie  po¬ 
larization  PiZj)  are  related  through  the  wave  equation 


FKi.  1.  I  wo-levcl  quantum  system  considered  in  this  work. 


B.  Echo  formation  neglecting  relaxation 

We  solve  Eq.  (2.3),  in  which  all  spontaneous  emission 
rates  are  set  to  zero,  to  predict  the  occurrence  time  of 
echoes  and  to  sec  how  the  echo  amplitude  varies  with 
pulse  duration.  Although  the  calculation  and  the  inter¬ 
pretation  of  results  of  CPF  and  -SPE  is  straightforward, 
we  review  it  for  completeness  and  for  comparison  with 
that  of  EPPE. 

/.  Short-duration  pulses:  CPE  and  SPE 

It  should  be  pointed  out  that,  m  many  short-duration 
pulse  echo  experiments,  the  pulse  areas  defined  by  2\T^ 
(Rabi  frequency  times  a  pulse  duration)  are  taken  to  be 
.t/2  and  tr,  implying  that  the  field  strength  is  strong  if  the 
pulse  is  short.  A  perturbation  theory  requiring  yT^  <<  1 
IS  not  applicable  for  this  case.  Although  Eq.  (2. ,3)  can  be 
solved  exactly  for  arbitrary  field  strength  if  decay  is 
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neglected,  fnr  overall  consistency  with  our  calculation, 
we  maintain  a  weak-ficld  limit,  assuming  the  pulse  area  is 
much  less  than  unity.  A  symbol  t  or  t  '  is  used  in  the 
following  calculations  to  denote  the  times  right  before  or 
after  an  short  excitation  pulse  occurring  at  time  /. 

In  CPE,  two  light  pulses  (1  and  2),  separated  by  a  time 
interval  T,  are  collinearly  incident  on  an  atomic  sample. 
The  pulse  duration  ( J=  1,2,  for  pulses  1  and  2)  is  as¬ 
sumed  to  be  much  shorter  than  the  inhomogeneous  de¬ 
phasing  time  \/ku  so  that  the  field  can  interact  with  all 
velocity  subclasses  simultaneously  (u  is  the  most  probable 
speed  of  the  active  atoms).  The  corresponding  diagram 
of  this  excitation  pulse  sequence  is  shown  in  Fig.  2.  For 
t  >  T  \  a  perturbation  solution  of  Eqs.  (2.3)  leads  to  a 
density-matrix  element  responsible  for  echo  for¬ 

mation  given  by 

p,,(v,fi=-  ,v,V37,,7;:,e  ■''p,,(v,0).  (2.4) 

where  is  the  Rabi  frequency  for  a  field  having  ampli¬ 
tude  E..  At  t —IT,  the  Doppler  dephasing  produced 
from  0  to  /■  is  canceled  exactly  by  the  rephasing  pro- 
di'ced  from  T  to  IT,  and  the  (ilioton  cchv/  signal  i ;  emit¬ 
ted.  The  occurrence  time  of  the  maximum  of  the  echo 
signal  is  called  the  echo  time  and  denoted  by  t,.  in  this  pa¬ 
per.  The  dephasing-rephasiiig  feature  of  this  short-pulse 
echo  is  that  atomic  dipoles  in  each  velocity  subclass  ac¬ 
quire  their  maximum  absolute  phase  at  the  same  time  T\ 
the  field  then  reverses  these  phases  simultaneously,  and 
the  dipoles  all  return  to  the  initial  phases  at  the  same 
time  2T.  This  feature  is  schematically  shown  in  the 
phase  diagram  of  Fig.  3 

By  carrying  out  the  integration  of  Eq.  (2.4)  over  the 
whole  velocity  range  at  i  =  IT,  one  finds  that  the  off- 
diagonal  density-matrix  element  contributing  to  the  echo 
is 

/>:il ■  (^-5) 

It  IS  seen  that  the  echo  amplitude  [proportional  to 
;p,|it,,  II  ]  increases  with  the  second  pulse  area  as 
as  long  as  the  restrictions  for  the  pulse  width  kuTp2«  1 
and  hold.  Physically,  this  result  reflects  the 

fact  that  the  second  pulse  first  creates  a  population 
difference  which  the  field  then  acts  upon  to  create  stimu¬ 
lated  emission  associated  with  the  coherence  density  p2i- 
If  the  pulse  duration  is  sufficiently  short  so  (hat  any 
Doppler  dephasing  during  the  pulse  can  be  neglected,  the 
amplitude  for  each  step  in  this  excitation  is  proportional 
to  the  pulse  area  y^Tp^  so  that  the  final  echo  amplitude 


FIG.  2.  FMilalKin  pulse  secjiiencc  of  conventional  two-pulse 
photon  echo  (CI’F'  Ihee  .lo  is  emiiii,)  ,ii -  2/. 


FIG.  3  Phase  diagram  associated  with  four  velocity  sub¬ 
classes  of  dipoles  III  CPE.  The  initial  relative  phase  of  the  di¬ 
poles  is  zero.  For  r  >  0,  the  dipoles  dephasc  relative  to  each  oth¬ 
er  following  the  diagonal  lines  whose  slopes  arc  determined  by 
ihe  velocities  of  the  dij'oles  They  all  reach  Ihe  ma.vimum  phase 
values  at  time  7'.  Then  the  phases  are  reversed  simultaneously 
and  return  to  the  initial  value  at  time  -  27. 


depends  quadratically  on  the  pulse  area  of  the  second 
field. 

In  order  to  lay  the  groundwork  for  an  understanding  of 
the  dephasing-rephasing  processes  in  an  extended-pulse 
photon  echo,  it  is  useful  at  this  time  to  also  review  the 
formation  of  a  stimulated  photon  echo.  The  SHE  is  pro¬ 
duced  by  three  short  exciiaiioii  pulses  as  shown  in  Fig.  4. 
Pulses  1  and  2  are  separated  by  time  T ,  and  pulses  2  and 
3  by  time  Tj  — T,.  The  pulse  durations  (7=  1,2,3) 
satisfy  the  same  conditions  as  those  in  CPE,  i.e.,  they  are 
much  shorter  than  }/ku  and  \/y  A  perturbation  calcula¬ 
tion  leads  to  a  contribution  to  pi|(  v,  t )( t  >  Ti )  responsible 
for  SPE  given  by 

p,Jv,t)--  ~2iy^y,yiTp^Tp2Tp^e  ''p,,(v,0l. 

(2.6) 

Consequently,  one  finds  that  the  echo  occurs  at 
F  r,  when  the  phase  kvT^  buildup  between  pulses 
I  and  2  is  totally  canceled  by  the  phase  [— kvd  -7\)] 
developed  between  pulse  3  and  the  echo  time.  It  is  useful 
to  redefine  the  echo  time  as  t,.  =  2f, ,  where  t,  denotes  the 
central  time  between  pulse  2  and  pulse  3  given  by 
C  =  (  T,  +7',  )/2  which  reflects  a  symmetry  property  that 


FIG  4  i  xnuluin  pulse  sequence  of  conventional  three- 
pulse  photon  echo  (SEE).  The  echo  is  emitted  at  t,  -  T |  7  T- 


39 


COLLISIONAL  RELAXATION  IN  AN  EXTENDED-PULSE  .  . 


6287 


will  prove  useful  in  analyzing  the  echo  formation  in 
EPPE.  The  phase  diagram  in  Fig.  5  displays  the 
dephasing-rephasing  processes  in  SPE.  The  diagonal 
lines  with  different  slopes  represent  the  dephasing  period 
associated  with  different  velocity  subclasses  of  atomic  di¬ 
poles  from  0  to  Ti,  the  horizontal  lines  represent  the  con¬ 
stant  phase  period  associated  with  atomic  state  popula¬ 
tions  from  Ti  Ko  T 2,  and  the  diagonal  lines  with  the  op¬ 
posite  signs  of  slopes  from  Tj  to  the  echo  time  represent 
the  rephasing  period  for  the  atomic  dipoles. 

We  have  reviewed  the  formation  of  photon  echoes  with 
two  and  three  short  pulses,  respectively,  and  find  that  in 
the  two-pulse  case  the  echo  occurs  at  IT  and  in  the 
three-pulse  case  the  echo  occurs  at  T,  T  T^  ~~  2/, .  In  both 
cases  the  maximum  of  the  signal  essentially  occurs  at  the 
time  when  the  different  velocity  subclasses  of  atomic  di¬ 
poles  have  rephased  relative  to  one  another.  The  ampli¬ 
tude  of  the  echo  in  the  two-pulse  case  is  found  to  increase 
with  the  second-pulse  duration  quadratically,  provided  a 
perturbation  treatment  and  the  inequality  A;u7'^, -^<  1  are 
valid.  These  results  are  to  be  ct'mpared  with  the 
extended-pulse  echo  case  to  be  discussed  below. 

2.  Extended-pulse  photon  echo:  EPPE 

Two-level  atoms  subject  to  the  excitation  pulse  scheme 
shown  in  Fig.  6  can  produce  a  photon  echo,  in  which  the 
first  field  acts  from  0  to  /  the  second  field  acts  from  /,  to 
t,,  and  the  echo  signal  occurs  at  t  t,  t,.  The 

dephasing-rephasing  process  in  the  whole  period  in  this 
case  is  more  complicated  than  in  the  conventional  theory 
of  short-pulse  photon  echoes  because  the  dephasing¬ 
rephasing  processes  have  to  be  taken  into  account  during 
the  atom-field  interaction.  In  this  section,  we  present  a 


FIG  6,  Phase  diagram  associated  wiih  four  seloeity  sub¬ 
classes  m  SPE.  The  dephasing-rephasing  processes  associated 
with  coherence  in  time  intervals  0  •/,  and  -t,  are 
represented  by  diagonal  lines.  The  phase  preserved  from  I ,  to 
I',  through  population  density  is  represented  by  horizontal 
lines. 


perturbation  solution  of  F,q.  (2.3)  to  obtain  the  density- 
matrix  element  )  (and,  consequently,  the  echo  am¬ 

plitude)  and  see  how  it  varies  with  the  duration  of  the 
second  pulse.  A  physical  interpretation  of  the  result  us¬ 
ing  both  time  and  frequency-domain  arguments  is  given. 

We  assume  that  the  first  pulse  remains  of  short  dura¬ 
tion  satisfying  the  same  condition  as  it  does  in  CI’E.  The 
second  pulse  is  extended  to  be  longer  than  the  inhomo¬ 
geneous  dephasing  time  \/ku.  but  is  still  shorter  than  the 
field-induced  transition  time  \/\  so  that  he  perturbation 
calculation  is  still  applicable.  The  perturbation  calcula¬ 
tion  is  still  straightforward  and  one  finds 


3i|(r, )-  2iViV:’F,,i  f  '' c/ r' f  d  r"t’ 


Pii(v,0) 


(2.7) 


We  are  interested  in  finding  the  time  at  which  the  maximum  signal  occurs  and  how  its  ii,.  .de  varies  with  the  pulse 
duration.  The  discussion  is  based  on  the  order  in  which  the  integration  ol  Fq.  (2.7)  is  perh  r  ' 

Suppose  one  first  carries  out  the  velocity  integration  in  Eq.  (2.7)  to  obtain 


p ,  I  ( t,, )  -  2/  V I V:  T  if  ' 

'■'ll  •'  (I 


(2.8) 


The  variables  r"  and  r'  take  on  all  values  from  zero  to 
the  length  of  pulse  2.  However,  the  mam  contribution  to 
the  signal  originates  from  those  times  satisfying  the  rela¬ 
tion 


beyond  which  the  signal  falls  off  exponentially.  This  re¬ 
sult  can  be  interpreted  in  terms  of  conventional  stimulat¬ 
ed  photon  echoes.  Condition  (2.9a/  can  be  rewritten  as 

\U  - 1')-  l"\  ^  .  (2.9b) 

kti 

where  r"-  z'M/j  and  l'  t'  f are  the  interaction 


r .  - 

limes  for  the  second  pulse  relative  to  a  time  origin  chosen 
at  t  0.  In  other  words,  if  the  interaction  times  are  such 
that  the  Doppler  phase  accumulated  in  the  period  0  ►/'' 
IS  approximately  canceled  by  the  Doppler  phase  accumu¬ 
lated  in  the  period  l'  there  is  a  maximum  contribu¬ 
tion  to  the  echo  signal.  This  result  is  identical  to  that  for 
a  vlioii-duration-pulse  stimulated  echo  with  interaction 
times  1 1  -  0,  t ,  =■  r",  r ,  i',  a.s  may  be  seen  in  Fig.  7.  The 

second  pulse  is  broken  down  into  a  sequence  of  strips 
and,  owing  to  condition  (2.9b),  it  is  only  those  .strips 
which  are  svmmetrirally  located  about  t'ae  Cv-uter  of  piii.se 
2  which  contribute.  Four  such  pulse  pairs  labeled  aa', 
hb',  cc\  and  dd'  are  shown  m  diagram  (c)  of  Fig.  7.  Each 
pair  plus  the  first  pul.se  constitutes  a  pul.se  sequence 
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0  tj  t3  U 

FIG.  6.  Excitation  pulse  sequence  of  extended-pulse  photon 
echo  lEPPE).  The  ntaritnum  echo  signal  occurs  at 
/,  =  /,  T  ^  ^  •  denoted  by  the  arrow. 


equivalent  to  that  for  a  stimulated  photon  echo.  The  to¬ 
tal  contribution  to  the  echo  signal  from  the  extended 
pulse  is  just  the  statistical  summation  of  all  the  indepen¬ 
dent  symmetric  stimulated  echoes.  The  inequality  (2.9b) 
guarantees  that  each  pulse  pair  accomplishes  an  exact 
phase  cancellation  by  itself.  If  any  asymmetric  pulse  pair 
were  chosen,  it  would  not  contribute  as  significantly  since 
the  rephasing  period  from  the  second  strip  to  the  echo 


HI 


'  _ II:: _ 

n  °n  n-' 

11 _ 'R _ 111 _ 

_fl _ RLJlI _ 

FIG.  7.  .Schematic  repre.senlation  ol  dephasing  rephasing  of 
atomic  dipoles  in  the  extended-pulse  photon  echo  with  the  exci¬ 
tation  pulse  sequence  shown  in  (a)  and  the  phase  diagram  shown 
in  (b).  The  phase  diagram  illustrates  four  symmetric  phase 
paths  associated  with  one  velocity  subclass  of  dipoles.  Positions 
marked  aa',  bh',  cc',  and  dd'  correspond  to  four  groups  of  sym¬ 
metric  switching  times  during  the  second  excitation  pulse.  Each 
phase  path  (for  example,  Oaa'l )  can  be  viewed  as  arising  from  a 
corresponding  short-duration-pulse  stimulated  echo  in  which 
the  second  and  third  excitation  pulses  are  located  symtni-t'-irally 
ahouf  I  Ui  +i;,)/2  Foui  such  sets  of  excitation  pulse  se¬ 
quence  are  shown  in  (c).  The  extended-pulse  photon  echo  in  the 
weak-field  limit  can  be  interpreted  as  arising  from  a  series  of 
such  symmetric  stimulated  photon  echoes. 


time  is  longer  than  the  dephasing  period  from  time  zero 
to  the  first  strip.  From  this  time-domain  result,  one  can 
note  the  following:  (I)  As  in  the  conventional  stimulated 
echo,  all  velocity  subclasses  contribute  equally  to  the  echo 
signal,  and  (2)  of  all  the  possible  t",  /'  pairs  which  could 
contribute  to  the  echo  signal,  those  pairs  satisfying  condi¬ 
tion  (2.9b)  contribute  most  significantly.  As  is  shown 
below,  collisions  further  reduce  the  atom’s  interaction 
with  the  second  excitation  pulse. 

An  alternative  way  to  anaiyze  the  echo  formation  with 
an  extended  pulse  is  to  perform  the  time  integration  of 
Eq.  (2.7)  first  to  get  an  expression  for  the  density-matrix 
element  in  the  frequency  (velocity)  domain.  The  solution 
is 


p,,(/) 


ViV;^ni  r  •  »  '*'!(  I,  /,iSin  (k\'T„2,/2) 

i — - —  c  •  - 

V  nku  r  (kv/iy 

Xc  ’'“''diky).  (2.10) 


Figure  8  is  a  phase  diagram  associated  with  a  single  ve¬ 
locity  subclass,  showing  all  dephasing-rephasing  possibili¬ 
ties.  This  figure  differs  from  what  we  have  seen  in  the 
short-pulse  echo  case  in  which  atoms  with  the  same  ve¬ 
locity  follow  the  same  dephasing-rephasing  path.  In  the 
EPPE,  switching  can  occur  at  different  times  during  the 
second  pulse.  By  taking  into  account  the  contribution 
from  all  possible  dephasing-rephasing  paths  correspond¬ 
ing  to  different  switching  times,  one  is  lead  to  an  oscillat¬ 
ing  function  that  varies  as  sin^lk  vr^,/2>.  This  factor  it¬ 
self  does  not  provide  any  information  for  determining  the 
echo  time.  By  differentiating  Eq.  (2.10),  however,  or" 
finds  that  the  maximum  echo  signal  occurs  when 
t—t^~ti.  Physically,  it  predicts  that  the  echo  still 
occurs  at  the  time  when  phase  buildup  in  the  interval 
0— ►^2  is  canceled  by  that  built  up  in  i\-*t^.  and  the  echo 
time  is  not  affected  by  dephasing-rephasing  processes 
during  the  second  pulse.  In  this  picture  of  echo  forma- 


FIG.  8.  Phase  diagram  associated  with  one  velocity  subclass 
of  atomic  dipoles  in  the  EPPE.  The  description  for  the  sym¬ 
metric  path  iObh'l  i  is  the  same  as  that  in  Fig.  7(bl,  which  pro¬ 
duces  zero  net  phase  at  the  time  l,..  The  asymmetric  one 
{0bb"c)  in  which  the  first  switching  lime  is  still  at  the  lime  cor¬ 
responding  t~  the  ,  '^iiion  b  and  the  seennu  swilchine  fme  's 
asymmetrically  located  at  the  time  corresponding  to  b”  pro¬ 
duces  net  phase  (indicated  by  c)  at  the  time  I,..  Therefore,  the 
extended-pulse  photon  echo  results  mainly  from  the  dipoles 
which  experience  symmetric  dephasing-rephasing  processes. 
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tion,  both  the  symmetric  and  asymmetric  pulse  elicitation 
strips  contribute;  the  “extra”  phase  produced  at  the  echo 
time  is  reflected  by  the  squared  sinusoidal  function.  In 
the  frequency  domain,  we  find  that  different  velocity 
subclasses  do  not  contribute  equally,  with  atoms  having 
kvTp2«^  producing  the  major  contribution  to  the  sig¬ 
nal.  Slow  atoms  contribute  more  than  fast  atoms  since 
the  net  Doppler  phase  for  the  slow  atoms  is  less  than  that 
for  the  fast  ones  (see  Fig.  9i. 

The  interpretation  of  echo  formation  seems  to  depend 
on  the  order  of  integration.  In  the  time  domain,  it  seems 
that  all  velocity  classes  of  atoms  contribute  to  the  echo 
signal,  but  only  lime  strips  symmetric  about  the  center  of 
the  second  pulse  play  a  significant  role.  In  the  frequency 
domain,  it  seems  that  all  lime  strips  conlnhute,  hut  that 
only  slow  atoms  contribute  significantly.  In  reality,  nei¬ 
ther  of  the  above  interpretations  is  strictly  true  owing  to 
the  finite  (rather  than  infinite!  width  of  the  atomic  veloci¬ 
ty  distribution.  The  numerical  calculations  indicate  that 
the  major  contribution  arises  from  symmetric  time  strips 
in  pulse  2  and  from  slowly  moving  atoms. 

The  discussion  based  on  both  the  time  and  the  frequen¬ 
cy  domains  is  helpful  for  understanding  the  formation  of 
echoes  with  an  extended  pulse  and  will  help  us  to  analyze 
the  effects  of  velocity-changing  collisions  on  dephasing- 
rephasing  processes.  By  carrying  out  the  velocity  in¬ 
tegration  of  Eq.  (2.10).  one  can  obtain  the  echo  ampli¬ 
tude.  The  numerically  integrated  result  of  '  is 

plotted  in  Fig.  10.  In  the  limit  that  A.n7j,  •1.  one  finds 


P21<'J  = 


ku 


(2.1  It 


It  is  seen  that  the  echo  amplitude  with  an  extended  pulse 


FIG  n  Phase  assdei. licit  mill  Iveo  selneile  ,iih 

classes  ol  dipoles  in  lln  1  PPF  I  he  solid  and  dashed  lines 
represent  several  possible  syniinelrle  and  asymmelrn  pli.ise 
paths  for  atoms  having  velocities  i  ,  and  i  icspeilivelv  \l  the 
lime  t,,  the  range  of  net  phases  produced  by  the  iisvnimelrie 
phase  paths  arc  denoted  by  'fi,  and  <l>.  for  v,  .md  v  .  respe.  livc 
ly.  Note  that  ■ 'fi,.  since  v,  •  e,  7 his  illustration  supports  .i 
frequeney-domam  argument  m  which  the  shiw  .iloms  conliibuli 
the  major  part  to  the  extended-pulse  photon  echo. 


MG  10  Variation  of  the  photon-echo  amplitude  with  ihe 
second  pulse's  duration  in  Ihe  absence  of  rela.xatinn  elTecis, 
This  approach  represents  a  iiumencal  solution  to  F,q,  >2  10'. 
For  ku  I .  ■  ■  I .  Itic  echo  amplitude  increases  qu.idratic.div  with 
/,...,  while  for  kul^<  ■  I.  Ihe  echo  amplitude  increases  linearly 
with 


increases  Imcarly  with  the  sccond-pulse  iluration 
lonce  kul'^.  -I)  rather  than  quadraticallv  as  in  the 
short-pulse  case.  It  is  very  convenient  to  interpret  this 
result  in  the  time  domain.  As  iliscussed  above,  the  con¬ 
tribution  of  a  long  second  pulse  to  the  echo  comes  from 
many  symmelr'cal  short  pulses  equivalent  to  an  SI’I.. 
Ihe  anipliluile  of  each  ,SPF  is  proportional  to  the  product 
of  Its  three  c.xcilalion  pulse  widths  .Acconhng  to  the  re¬ 
lation  of  Fq  (2. dal,  each  symmetric  pulse  within  pulse  2 
has  an  effective  wklth  of  l/ku.  I  he  amplitmlc  of  each 
si>f;  IS  then  proportional  to  /  ..p  1  'ku  u  I  tku  i.  I  he  num¬ 
ber  of  pulse  pairs  are  1/A;ui.  By  summing  over  all 

contributions,  one  finds  the  amplitude  of  the  extended- 
pulse  echo  IS  proportional  to 

/„  '  , 

'  Gtu  I-  '1  /ku  ) 

which  agrees  with  F.q.  (2.1  1). 

One  can  also  understand  the  fornt  of  the  echo  signal  by 
coiisnlering  the  manner  in  which  the  second  pulse  creates 
population  and  coherence.  For  a  short  pulse,  there  is  no 
dephasing  among  Ihe  dipoles  being  considered  vluring  the 
time  111  which  the  field  acts  and  the  increase  of  the  pulse 
area  yields  the  net  effect  of  creating  a  larger  population 
difference  (proportional  to  y./j,,)  as  well  as  stimulating 
mote  rlipoles  to  emit  (also  proportional  to  J  so  that 

the  echo  amplitude  varies  as  the  square  of  the  second 
(•ulse  area  (  V.'  /,.  Fi'f  a  long  pulse  the  dipoles  dephase 
ill  ;i  lime  of  order  1/Air.  If  •l/An  the  effective 

coherence  density  created  by  the  second  field  is  propor- 
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tional  to  ;^'2(  1  /ku )  because  the  second  pulse  length  is  re- 
’  duced  to  an  effective  time  \/ku  as  far  as  the  coherence 

density  is  concerned.  The  population  density  will  still  in¬ 
crease  as  since  phase  interference  is  not  related  to 

»  ■  c  creation  of  population  density.  These  two  factors 

lead  to  a  contribution  to  the  echo  amplitude  that  varies 
with  the  second  pulse  as  x\T^2^ku. 

It  should  be  pointed  out  that  we  have  calculated  pji  '‘t 
t  the  time  at  which  the  peak  of  the  echo  signal 
occurs.  The  actual  signal  extends  over  a  time  interval 
equal  to  Tpi-  Moreover,  there  is  also  a  “nonecho”  contri¬ 
bution  to  the  signal  at  r  =/,,  arising  from  free-induction 
decny  following  the  second  pulse.  Thus,  there  are  com¬ 
plications  involved  in  experimentally  measuring  a  quanti¬ 
ty  which  corresponds  to  the  echo-field  amplitude.  We 
defer  a  discussion  of  this  question  to  the  following  paper. 


In  two  special  limiting  cases,  i.e.,  «  1  or  rpj,  =  0,  we 

have 


ku 

\—g 


■  r  ,1 


ph 


for7it,,«l  (2.15a) 


and 


P2I< 


ku 


Yi 


C.  Inclusion  of  relaxation 


for  rph  =  0.  (2.15b) 


The  photon-echo  signal  decays  as  a  result  of  various  re¬ 
laxation  mechanisms  such  as  spontaneous  emission  and 
phase-interrupting  collisions  (velocity-changing  collisions 
are  neglected  in  this  section).  We  use  Eqs.  (2.3)  and 
choose  a  relaxation  scheme  in  which  there  is  no  popula¬ 
tion  loss,  i.e.,  yi=0,  y2,i=y2>  examine  the 

modification  of  photon  echoes  produced  by  spontaneous 
emission  and  phase-interrupting  collisions  for  the  short- 
duration  pulse  and  the  extended-pulse  case,  respectively. 


/.  Short-duration  pulses:  CPE  and  SPE 

In  CPE,  relaxation  in  the  excitation  regions  is  neglect¬ 
ed.  One  can  easily  solve  Eqs.  (2.3)  to  find  that  the  echo 
decays  exponentially  as 

P2^'e^=-‘Y,xlT,J,\e  (2.12) 

In  SPE,  relaxation  is  also  neglected  in  the  pulse  re¬ 
gions.  By  solving  Eqs.  (2.3)  for  the  various  time  regions, 
one  obtains 


Pjilf,.)'  ■  2iX\X2X}Tp\T'pi^p\ 

'^12  ''rh 


p\  •  p2- pi 

rrJ'.  'T- 


r,)|  y.ir,  T,) 


(2.13) 


The  physical  interpretation  of  this  result  is  straightfor¬ 
ward.  The  term  c  ’’’’  '  represents  the  de¬ 

cay  of  coherence  density  occurring  in  intervals  T ,  and 
r,,  -  F;,  and  the  term  e  •  ‘  ’  represents  the  decay  of 

population  density  occurring  in  the  second  pulse  interval 
in  which  there  is  no  collision-induced  decay. 


2.  Extended  pulse:  EPPE 


These  results  can  now  be  taken  over  to  analyze  the 
effects  of  relaxation  in  the  extended-pulse  echo.^'  By 
solving  Eqs.  (2.3)  with  y ,  =  0  and  y  12  =  y2/2,  one  can  find 
a  coherence  density 


P21*C  I 


*“(rp^-y,2) 


/2)f, 


(2.14) 


We  can  compare  Eqs.  (2.15a)  and  (2.15b)  with  Eq. 
(2.1 1)  for  the  extended-pulse  photon  echo  without  relaxa¬ 
tion  and  Eq.  (2.13)  for  the  conventional  stimulated  echo, 
(a)  For  yjtf « 1  and  Tp^  arbitrary,  the  factor  \/ku 
remains  in  the  EPPE  (2.15a)  because  Doppler  dephasing 
still  exists.  The  signal  decays  exponentially  during  inter¬ 
vals  (f2-ti)  and  (t^  —  t)),  owing  to  phase-inter¬ 
rupting  collision,  leading  to  the  exponent 
rph{('2-f|)  +  ('.-'.i>]  =  rph((,-7'p2)  in  Eq.  (2.15a). 
During  the  second  excitation  pulse,  the  atom  still  decays 
as  a  result  of  phase-interrupting  collisions  before  it  is 
switched  into  a  population  density.  By  taking  an  average 
over  excitation  times,  one  finds  that  the  signal  decays  in 
the  second  pulse  interval  as  (1— e  '’M/Tp^.  Since 
phase-interrupting  collisions  are  associated  with  coher¬ 
ence  density  only,  atoms  that  are  switched  into  popula¬ 
tion  during  pulse  2  no  longer  experience  collisional  de¬ 
phasing;  consequently,  the  relaxation  produced  by 
phase-interrupting  collisions  is  reduced  during  the  second 
pulse.  In  comparison  with  the  SPE,  however,  the  decay 
due  to  collisions  in  the  EPPE  is  not  completely 
suppressed  as  in  the  SPE,  because  there  is  a  range  of 
“switching  times”  in  EPPE  rather  than  the  single  set  of 
switching  times  encountered  in  CPE.  (b)  For  Fph^O  and 
Yit,  arbitrary,  the  signal  decays  at  rate  yi^  in  two  inter¬ 
vals.  /2“F  and  t^—tf.  In  the  long-pulse  region,  the 
coherence  decays  at  rate  yj,  and  population  decays  at 
rate  Yj-  Since  atoms  are  switched  into  population  density 
at  different  times,  one  obtains  the  modified  decay  form 
given  by  (2.15b).  In  the  SPE,  the  decay  between  pulses  2 
and  3  represents  population  decay  from  level  2  to  1  as 
e  in  the  EPPE,  the  result  represents  the  combined 

effect  of  decay  for  coherence  and  population  during  the 
second  excitation  pulse.  These  two  limiting  cases  for  SPE 
and  EPPE  will  help  us  to  understand  the  relaxation  in¬ 
duced  by  velocity-changing  collisions. 

We  conclude  the  discussion  for  CPE,  SPE,  and  EPPE 
in  the  absence  of  velocity-changing  collisions  by  noting 
the  following.  ( 1 )  The  echo  time  is  essentially  determined 
by  the  pulse  delay  time  in  CPE,  the  central  time  between 
pulse  2  and  pulse  3  in  SPE,  and  the  central  time  of  the 
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second  pulse  in  EPPE.  It  is  influenced  neither  by  the 
pulse  duration  in  EPPE  not  by  the  separation  time  be¬ 
tween  pulse  2  and  pulse  3  in  SPE.  (2)  In  the  absence  of 
relaxation,  the  echo  amplitude  increases  quadratically 
with  the  second  pulse’s  duration  as  long  as  ku  T^^  <'<  1  in 
CPE  and  linearly  with  the  pulse  duration  in  EPPE,  if 
kuTp2  »  1  ■  (3)  The  formation  of  EPPE  can  be  considered 
as  arising  from  a  summation  of  stimulated  echoes  in 
which  the  second  and  third  “excitation  pulses”  are  strips 
having  duration  (fct/)  '  that  are  symmetrically  located 
about  the  center  of  the  long-duration  excitation  pulse. 
Slow  atoms  [/c  v  <  (  1  8'''^  major  contribution  to 

echo  formation.  (4)  With  the  inclusion  of  spontaneous 
emission  and  phase-interrupting  collisions,  the  CPE  sig¬ 
nal  decays  exponentially  at  the  rate  y  12  ^  over  the  en¬ 
tire  period.  From  0  to  7',  and  from  T,  to  the  EPPE 
signal  decays  exponentially  at  the  rate  y  12  ^  Tph  and  the 
decay  rate  is  modified  in  the  region  T,  /  ,  in  a  manner 
that  depends  on  both  the  population  and  coherence  decay 
rates. 

III.  EFFECT  OF  VELOCITY-CHANGING  COLLISION.S 
ON  PHOTON  ECHOES 

In  this  section,  wc  consider  a  vapor  of  active  atoms  and 
perturbers.  The  active  atoms  interact  with  the  external 
light  field  and  undergo  collisions  with  perturber  atoms. 
In  order  to  analyze  more  clearly  the  effect  of  collisions  on 
photon  echoes,  we  suppress  the  contribution  from  spon¬ 
taneous  emission.  The  duration  of  a  collision  is  assumed 
to  be  less  than  any  of  the  relevant  time  scales  in  the  prob¬ 
lem  so  that  collision-induced  velocity  changes  can  be 
viewed  as  an  instantaneous  process.  This  assumption  al¬ 
lows  one  to  make  a  binary  collision  and  an  impact  ap¬ 
proximation.  Essentially,  this  collisional  relaxation  can 
be  viewed  as  a  Markovian  process  which  characterizes 
the  property  of  a  stochastic  process. In  general,  a 
Markovian  process  represents  one  in  which  a  distribution 
characterizing  the  system  following  a  stochastic  fluctua¬ 
tion  (for  example,  a  collision)  depends,  at  most,  on  its 
value  before  the  fluctuation.  It  is  very  convenient  to  use 
the  Markovian  approximation  for  modeling  velocity¬ 
changing  collision  processes  and  it  enables  one  to  treat 
the  effects  of  external  fields  and  collisions  independently. 
Implicit  in  the  Markovian  approximation  is  the  assump¬ 
tion  that  the  perturber  reservoir  is  sufficiently  large  to  be 
unaffected  by  active-atom-perturber  collisions.  It  is  also 
assumed  that  the  active-atom  density  is  low  enough  to 
neglect  all  active-atom-active-atom  collisions.  Thus,  the 
collisional  contribution  to  the  rate  of  time  change  of  the 
atoms’  density-matrix  elements  can  be  written  as"* 

F„(v,/)l . =  (rr,^fr,^)p„(v,,) 

f  J"  ••\')p,,(v',l)£/v'  ,  (3.1) 

with 

r,^  ^  J  u>,,(  v'  -v)dv'  , 

where  =  Tp^l  1  )]  and  T,^  are  phase-interrupting 

and  velocity-changing  collision  rates,  respectively,  and 


is  a  collision  kernel  that  gives  the  probability  density 
per  unit  time  that  a  collision  changes  the  velocity  of  an 
active  atom  associated  with  /i,^  from  v'  to  v. 

To  Illustrate  the  physical  principles,  we  choose  a  sim¬ 
ple  model in  which  large-angle  scattering  results  in  a 
decay  term  of  atomic  coherence,  and  small-angle  scatter¬ 
ing  results  in  equal  collision  kernels  and  rates  for  atomic 
state  populations  and  coherence,  i.e.. 


U'„(  v'  •v)-  -v)  tc  (  !■'  vl. 

By  adding  Eq.  I3.l)  to  Eqs.  (2.3)  in  which  we  set 
y2^)'i2  "'i-’  arrive  at  a  simplified  quantum- 

mechanical  transport  equation"' 

/>n(''.t)-"  iV[pi2(v,r)  p,|(v,/)]  -  rp||(v,r) 

+  J  li' ( v'  .  I’ )p 1 1(  v', r  )c/ v'  ,  (3.3a) 

/')_,dv,/)  iV(Pi:l''>(l  p.idv,/)]-' Tpidv.M 

t  J* u'iv— v)p22ly' ,  (3.3b) 

/ii2(r',t)  -  (T  -1- -  ik  vip|,(v,r) 

I  V[Fii<v,()  -p.dv.yi] 

+  J'u'iv'  -v}pi2(y',l)dv'  ,  (3.3c) 

P2,(y,il—  -(T  +  rj,^  + ikv)p,|(v./) 

t|  VIFii'v,/)  P;;(V./)) 

^■J'lv(y'  ‘y)p2,(y',i)dy'  .  (3,3d) 

Notice  that  Eq.  (3.3)  contains  collision  kernels  which  de¬ 
pend  solely  on  v[.  and  v, ,  although  the  z  subscript  does 
not  appear  explicitly.  In  effect,  Eqs.  (3.3)  represent  an  ap¬ 
proximate  solution,  since  we  neglect  the  collision-induced 
coupling  of  transverse  and  longitudinal  velocity  com¬ 
ponents."' 

Since  the  functional  dependence  of  the  result  is  in¬ 
dependent  of  the  specific  form  of  the  collision  kernel,  we 
adopt  a  ’’difference’’  kernel’'* 


(7  V  77 


(recall  that  ir/v-  2  is  the  rms  velocity  jump  per  collision). 
Such  a  kernel  docs  not  obey  detailed  balance,  but  can  be 
used  successfully  to  model  weak  collisions  (small-angle 
scattering).  We  solve  Eq.  (3.3)  using  a  perturbative  ap¬ 
proach,  and  apply  the  results  to  CPE,  SPE,  and  EPPE, 
respectively,  to  explore  how  collisions  disturb  the 
dephasing-rephasing  processes  and  cause  a  decrease  in 
echo  amplitude. 

A.  .Short-duration  pulses:  CPF'  and  SPF' 

In  CPE,  the  duration  of  the  pulses  is  shorter  than  any 
time  scales  in  the  problem,  i.e.,  rp,/'^^«i,  r/'^^«i, 
V;  Jp)  1 .  and  ku  I «  \  (j~  1,2).  After  the  first  pulse, 
atomic  dipoles  are  created.  Between  pulse  1  and  2,  these 
dipoles  dephase  relative  to  each  other  and,  at  the  same 
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time,  undergo  collisions  with  perturbers.  Between  pulse 
2  and  the  echo,  the  dipoles  rephase  while  also  undergoing 
collisions  with  perturbers.  For  the  kernel  (3.4),  the  resul¬ 
tant  signal  can  be  calculated  using  Fourier  transform 
(FT)  techniques  and  one  finds’  ’ 

~ ^X\XiTp\T~2 


Xexp 


X 


rr 

kaT 


trfikaT/l) 


(3.5) 

where  erf  stands  for  the  error  function. 

It  is  interesting  to  note  that  the  echo  signal  decays  ex¬ 
ponentially  in  the  whole  interval  at  rate  due  to 
phase-interrupting  collisions  and  at  an  effective  rate 

r[l  -(V'^/A:f7  7')erf(^<7  7’/2)1 

due  to  velocity-changing  collisions.  This  effective  rate  is 
a  measure  of  the  degree  of  collisional  interference  with 
the  Doppler  dephasing-rephasing  process  of  echo  forma¬ 
tion,  and  depends  critically  on  the  phase  shift  kaT. 
When  kaT  « 1,  the  phase  shift  in  the  whole  interval  is 
not  large  enough  to  modify  the  Doppler-phase  cancella¬ 
tion,  and  velocity-changing  collisions  do  not  alter  the 
echo  signal 

expl  -2rT[\-iv'a/kaT)CTnkaT/2)]\==  \  . 

On  the  other  hand,  if  kaT>  1,  any  atom  that  collides  ex¬ 
periences  a  large  collision-induced  phase  fluctuation  and 
one  would  expect  an  echo  amplitude  that  decays  as 
expl— 2rT),  reflecting  contributions  from  only  those 
atoms  that  undergo  no  collisions  in  the  time  interval. 
Actually,  this  conclusion  is  only  approximately  correct. 
For  atoms  undergoing  collisions  in  the  time  intervals 
0<t<(ka)  '  and  2T  -(ka)  '  <  f  <  2T,  the  net  phase 
change  is  of  order  T /ka  which  is  not  necessarily  fatal  to 
_ _ _ _) 


FIG.  11.  Phase  diagram  associated  with  two  velocity  sub¬ 
classes  of  dipoles  with  v,  and  vj,  showing  the  effect  of  velocity¬ 
changing  collisions  on  echo  formation  m  CPE.  If  a  collision 
occurs  at  changing  v,  to  v,,  after  l\,  the  dephasing-rephasing 
path  follows  the  dashed  line  and  a  small  phase  shift  at  is  pro¬ 
duced,  which  may  not  be  fatal  to  echo  formation.  However,  if 
the  same  type  of  collision  occurs  at  f;  then  the  phase  shift  at  t, 
is  larger,  which  may  destroy  echo  formation. 


echo  formation.  As  a  consequence,  the  echo  decays  as 
exp!  —  2r[T-(V  n/ka)]\ 

instead  of  exp(— 2rr),  reflecting  the  fact  that  the 
effective_  time  for  collisional  destruction  is 
2{T  —  tr/ka)  instead  of  2T.  Figure  11  illustrates  the 
effect  of  collisions,  occurring  at  different  times,  on  the 
echo  signal. 

Next,  we  explore  the  effect  of  velocity-changing  col¬ 
lisions  on  the  stimulated  photon  echo.  Collisions  occur¬ 
ring  between  pulses  1  and  2  and  pulse  3  and  the  echo 
affect  atomic  state  coherences,  while  those  between  pulses 
2  and  3  modify  atomic  state  populations.  The  resultant 
signal,  again  calculated  by  FT  techniques,  is  found  to  be 


P2|(fe)  ^‘X\XiX-iTp\T.2T.ye 


X  exp 


~2VTs 


X'  TT 

kaT] 


erftkaT ,  /2 ) 


riT, -Ti)!  1  -exp[  -  {kaT,)/2]"\ 


(3.6) 


r 


One  can  note  the  following:  (1)  As  was  previously  dis¬ 
cussed,  the  decay  induced  by  phase-interrupting  col¬ 
lisions  occurs  only  in  the  time  intervals  0<t  <  T,  and 
Tj  <  f  <  l^,  which  is  associated  with  coherence  densities. 
(2)  The  decay  of  the  echo  in  the  region  0<l  <T^  and 
rj<t  <t„  expressed  by  the  first  part  of  the  exponential 
term  in  Eq.  (3.6)  is  identical  to  that  of  CPE.  (3)  The 
modification  of  the  decay  rate  in  the  region  r,  <t  <  Tj, 
expressed  by  the  second  part  of  the  exponential  term  in 
Eq.  (3.6),  indicates  that  the  effect  of  velocity-changing 
collisions  on  population  density  strongly  depends  on  the 
dephasing  time  T^  as  well  as  the  number  of  collisions 


r(  7',  —  7'| )  occurring  in  the  interval  between  pulse  2  and 
3.  Physically,  this  implies  that  if  the  dipole  phase  accu¬ 
mulated  before  the  second  pulse  acts  is  sufficiently  large, 
i.e.,  kaTi»\,  collisions  occurring  in  the  interval 
r,  <  r,  significantly  modify  the  phase.  In  this  limit, 
only  those  atoms  that  have  not  collided  in  the  time  inter¬ 
val  T'j  —  r,  contribute  to  echo  formation,  and  the  signal 
varies  as  exp[  —  r(  T",  -  T, )].  For  ka  T^  «  1,  collisions 
occurring  in  the  region  T^<t  <T2  do  not  significantly 
modify  the  Doppler-phase  factor,  i.e.,  collisional  decay  of 
the  echo  signal  is  suppressed  between  T^  and  T,.  This 
result  is  expressed  mathematically  by  the  fact  that 
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exp(  -  r(  T,  -  r,  )1  1  -exp[  -(A:c7  r,  )/2l’|  )=I 
when  kaT^  «  1 . 

B.  Extended-pulse  case:  KPPE 

In  the  EPPE,  the  first  pulse  is  still  of  short  duration 
and  the  second  pulse  is  extended  to  satisfy  P  (or 
rph)r^2~  •  V'2  7p2<  1)  The  notation 

IS  changed  slightly  to  Pi=Pn-  Pi'^Pn^  P«  =  P2i 

We  write  the  time-dependent  density-mairis  elements  as 

4 

m  I 

n -■=  1.2,.3,4  ,  (3.7) 

where  the  G„„{v,v\t  are  elements  of  a  propagator 


matrix  satisfying  the  initial  condition 

(j,^<v.v',0)  '  6(  V  -  lh„„, ,  n.m  1,2, .3,4  .  i3.K) 

Since  the  time  evolution  of  the  density  matrix  obeys  a 
linear  differential  equation  with  constant  cocITicienis,  the 
time  variable  in  the  propagator  G  can  be  written  as  a  time 
difference  r  -  t„. 

Generally,  by  substituting  Eq.  i3.7)  into  the  (^MTL, 
(3.3),  one  can  get  the  corresponding  time-evolution  equa¬ 
tion  for  the  propagators  G„„.  In  order  to  solve  the  echo 
problem,  we  write  the  equation  m  the  four  time  intervals 
(to  be  defined  below)  and  solve  for  the  propagators  m 
each  interval.  Basically,  the  relevant  density-matrix  ele¬ 
ments  and  the  corresponding  propagator  elements  in  four 
intervals  contributing  to  the  echo  may  be  expressed 
schematically  as 


p,(v,/„)- 


^P,(V|,f|  ) - .p,(V,,t;) 


>P4*  V„'  il 


■op4(l 


.3,91 


where  the  superscripts  (1,11, III, IV)  of  G  indicate  the  four  relevant  time  intervals.  Thus,  the  final  state  pj  can  be  ex¬ 
pressed  in  terms  of  the  product  of  propagators  in  each  interval  and  the  initial  state  density  matrix  as 


P4<  U  *  / 


(V, 


1 1  V,,  v,,t ,  ■  r ,  i6' "(  V,,,  V|,/,  I,  iG',|(V|,v,/i  ■  t,|  )p|  |(  v,()  idvjdvcJvid  v,d  V  .  '3.U)i 


The  time-evolution  equations  for  the  propagators  and  the 
solutions  in  the  four  time  intervals  arc  discussed  below. 

1.  0</  <ti.  In  the  first  time  interval,  both  velocity- 
changing  collisions  and  Doppler-phase  factors  can  he 
neglected.  Since  the  initial  condition  is 


<3G’ ','<(  v.  c',  r  I 

■  I  r  ("  Lpti  ik  V' )6’  I  i )  V.  v’,  r  I 
f  J  ic  (  c"  -  V  )G  iV , 

'3.1  3ci 


|U',|(v'i.  n  I 
|0,  n  2.3,4 

it  is  an  easy  matter  to  show  that,  to  first  order  in  the  field. 

G',|(  v,,v.t|  )=  ^'i'  (3.12) 

provides  that  kur ;  ■  •  ) 

II.  f|  <t  ^  t,.  In  the  second  time  interval,  the  field  is 
absent  and  collisions  play  a  role.  Substituting  L,q.  i3.7i 
into  Eq.  (3.3)  and  setting  v  B,  one  finds  that,  m  this  in¬ 
terval,  only  diagonal  lerms  of  the  propagator  matrix  con¬ 
tribute  since  there  is  no  coupling  by  the  field.  The  diago¬ 
nal  propagator  elements  then  satisfy 

i  G’'|'|(  V,v',T) 

J  ivt  v"  v) 

X  G  I'l  ( v",  i'',  r v"  ,  (3.l3ai 


dG'|'|(v,  v'.r) 
dr 

t 


<)Gi^(v.v',ri 

dr 


(  r  3  Lpi,  3  ik  V  iG'liji  V,  v',  r) 

)  Ju’iy"  c  1G44I  v”,  v',  r '(/c" 


1.3.1  3dl 

By  using  Fourier  transform  techniques,  one  can  write  out 
the  solution  explicitly  as 


Gl^v.v-.r.^  If  - 


C  '  V  ”  '  rJl 


G’V.I  v,v'.  r) 


f  'c*  -  ' 

?  rr  •'  / 


'  3,14ai 

1.3, 14b) 


GV4(v,v'.r)  ^ 


(If  , 
1.V14C) 


/-•W  — 

O  15  —  O  1 1  , 


(3.13b)  where 
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0,,(n  T 

(  x  ),  ^"'Ux 

'  r(  1  -  e  . 

i3.1?a 

o,,(t,  /■> 

r  ^  r,,„ 

f  f 

e'*'  drdx 

/ 

fi’.. 

1  r'  ’  , 

'  1  ‘■■xpj  [Ao(/  t  r' )  .^2  )' 0/ r 

1  J  , 

(3.1‘)b 

044!  1,  fi 

r  (  r,,, 

r  ■  '  r  / 

i  ,  It 

-  drdx 

r 

r,.!, 

^  r 

1  *  f  exp)  -  [A(;(t  7')/2]’|f/r' 

(3.1?c 

■According  to 

the  echo 

formation 

sequence  <3.91,  G",  i 

IS 

!  0  0  \  V  I 

the  propagator  of  interest  in  the  secc^nd  time  interval. 

Ill  '2^  :  '  t In  the  third  time  interval,  both  col¬ 
lisions  and  the  laser  field  influence  the  evolution  of  the 
density  matri.x  To  find  the  propagator  in  this  interval,  it 
IS  more  convenient  to  write  Eq.  (.T3l  in  vector  notation  as 

V,  f  I  '  D  •  B  ipi  \-,  /  i  ‘  J"  u  i  >pi  v' ,  t  Id y'  ,  1 3. 1 6) 

where  D  is  a  diagonal  matri.x  given  by 

1  r 


B  I 


I  0  0 

t  V 


I  3 
0  0 

V  0  0 


<3. IS’ 


D 


'  0 
:  0 

0 


0 

0 

r-  r,,  lAvi 


0 

0 

0 

“  ( r  +  Eph  -t-  /A-  v  I 


A  formal  solution  to  Eq.  i3.3),  written  as  an  iterative  e.\- 
pression  in  terms  of  the  field-free  propagators,  is  given 
by'-* 

/’n'''-'*  2  '.t,,  Irfv’ 

'n 


t  ! 


X  v'.f'  i  , 


(3,19) 


(3.17) 


and  B  IS  a  fiekl  coupling  matrix  given  by 


where  the  are  the  tield-free  propagators  already  cal¬ 
culated  for  region  II,  .Substituting  Eq.  (3.7)  into  Eq. 
(.3  19i,  one  finds  a  corresponding  iterative  expression  of 
the  matrix  propagator  in  the  third  interval  as 


(3.20) 


k.i 


Since  f/,.--  1,  the  perturbation-theory  limit  is  applicable  and  Eq.  (3.20)  can  be  solved  to  second  order  in  the  field 
strength,  I  he  clement  Gj,  contributing  to  echo  formations  is  given  by 

G'Vi'i ''-..v,,; ,  1\\ j  dy"dy'f  f'di"dr'G\[ty,. y'. It  (' 'G 1  v',  v",  / '  t”  iG'';( f,i.  (3.21' 

H,  carrying  out  some  of  the  iriiegrations,  one  obtains 

r  ^  ■  r  I 

G'Vi' ' 'i.  V,,  1 1  (.1  ’3  J  J  exp[  -  (A;  v,(t ,  1'  O  ^  iky.u"  f,  fi] 

Xexp(  (3,4(f,t,  I'm.  I'l  ("  t  /;'(/’'  tt.i] 

X  exp[  (),,(()(('  (  '  1 1  (3.22) 

IV.  1,1  t,  In  the  fourth  interval  the  field  is  again  absent  and  collisions  play  i  role.  The  calculational  procedure 

IS  the  same  as  in  the  second  interval,  but  the  propagator  element  of  interest  in  this  interval  is  G^j  GV4.  given  by  Eq. 

(3.14CI. 

By  substituting  the  propagators  obtained  for  the  four  intervals  into  f-q.  (3.10)  and  integrating  over  all  velocity  com¬ 
ponents  at  the  echo  time  t,  f ,  M;  1 1 ,  one  arrives  at 


P4< 


ku 


o, f  ■  f  f  '  ■  o, 


f  '  f  '  dl-dl’e 

where  use  has  been  made  of  the  relations 

0,,(.x  I  ..X  ,  i(.t ,  X|i  0,|(X|,.x,  X  I  K.Xj  X  ,  )  (  0,,(-x  .,.x  ,  v,)(-Xi  x.) 


b(t  I'  (' 


(3.23) 


(3.24a) 


0,,(A  I  ,  X4  X  ,  )(  X4  X,  )  044(X  I  ,X  ,  '  X2  )(x  1  -Xj  M  044(^4  .X,,-X4 


XtK  X4  >.x,  ..x,  '.X|  , 


(3. 24b) 
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The  relaxation  properties  of  the  echo  signal  are  charac¬ 
terized  by  three  0  functions  defined  for  time  intervals 
0— •/",  t"— >f',  and  Before  carrying  out  the  time 

integrations,  we  give  a  physical  interpretation  of  each  0 
function. 

The  quantity  0,,(O, /")  represents  a  modified  decay 
rate  of  coherence  density,  owing  to  velocity-changing  col¬ 
lisions,  in  the  time  period  0  <  r  <  i".  The  presence  of  the 
factor  0,3(0,/")  in  Eq.  (3.23)  reflects  the  fact  that  the  di¬ 
poles  continuously  dephase  up  to  time  t"  when  the 
second  field  switches  them  to  population.  Collisions 
occurring  at  times  r^„||  (0  <Loii  <f"l  induce  the  phase 
shifts,  giving  rise  to  an  average  decay  rate  0,,(O,/").  All 
possible  switching  times  t"  from  t,  to  t,  must  be  allowed. 

The  quantity  0,,(t"),  as  defined  by  Eq.  (3.15a), 
represents  the  decay  rate  of  population  density  after  time 
f".  Since  no  additional  dephasing  occurs  after  r",  the 
magnitude  of  0||  depends  critically  on  the  previous  net 
phase  kvt"  of  atoms  which  have  not  undergone  col¬ 
lisions.  If  kvt”  IS  small,  0,|  IS  small  regardless  of  the 
number  of  collisions  occurring  between  <2  and  f  ,.  The 
major  contribution  to  the  echo  signal  occurs  as  /"  ap¬ 
proaches  for  which  kvt”  is  minimum.  The  time 
period  for  which  the  signal  decays  at  rate  0||(/")  is 
determined  by  the  second  switching  lime  that  transfers 
the  population  back  to  coherence.  If  the  second  switch¬ 
ing  time  is  denoted  by  /',  then  the  signal  decays  at  rate 
0i  |(  f"  I  from  t”  to  t' .  The  times  f "  and  t '  both  vary  from 
t2  to  t,  with  t'  >  t”.  An  appropriate  average  over  all  t” 
and  /'  IS  necessary. 

In  the  third  interval,  the  decay  rate  of  coherence  densi- 

_ i 


ty  IS  044( -/').  The  previous  net  phase  of  atoms  un¬ 
dergoing  no  collisions  is  still  kvt”  preserved  through  the 
period  t'  —  t”.  The  interval  r  ,  r'  isa  rephasing  period  in 
which  the  additional  phase  produced  has  an  opposite  sign 
to  that  from  the  first  interval.  In  this  case,  the  net  phase 
to  be  affected  by  collisions  is  the  difference  of  the  previ¬ 
ous  phase  and  the  phase  produced  in  the  interval  r,,  —  t'. 

One  may  conclude  from  this  discussion  that  the  three 
O  functions  exhibit  very  clearly  the  collision-induced  re¬ 
laxation  of  the  echo  signal  in  the  three  time  intervals.  In 
the  first  and  third  intervals,  the  0,,  and  ©44  represent  the 
decay  rate  of  coherence  density.  The  effect  of  collisions 
on  the  Dopoler-phase  factor  depends  on  the  previous  net 
phase  plus  additional  phase  in  these  two  intervals.  In  the 
second  interval,  0),  represents  the  decay  rate  of  popula¬ 
tion  density.  The  collision  effect  depends  only  on  the  pre¬ 
vious  net  phase  and  the  number  of  collisions.  If  the  pre¬ 
vious  phase  is  sufficiently  small  such  that  the  phase  shift 
is  less  than  unity,  the  collision-induced  decay  is,  in  effect, 
suspended  in  the  second  time  interval.  The  relationship 
of  this  theoretical  result  to  the  experiment  of  Yodh 
et  al.  is  discussed  below. 

It  should  be  noticed  that  the  symmetry  property  indi¬ 
cated  by  the  6  function  in  Eq.  (3.23)  is  the  same  as  that 
for  EPPE  result  without  velocity-changing  collisions.  As 
a  result  of  collisions,  however,  the  number  of  symmetric 
pulse  strips  that  contribute  to  the  echo  is  reduced.  The 
new  region  of  symmetric  pulse  strips  that  contribute  can 
be  found  by  solving  Eq.  (3.23).  By  performing  the  time 
integration  over  t”  in  Eq.  (3.23),  one  can  get  a  simpler  ex¬ 
pression  of  the  form 


P4I L 


4(  V  i7\' I  ^'2 I  21  V  r/lii>  *  II) 


ku 


f  dt, 

A 


Xexp(r(7-  2  2/)expl -[<ccr(t2  +  r)/2]’|-)- r^(T  2"  2t))  .  (3.25) 


By  expanding  the  integrand,  one  finds  an  effective  coher¬ 
ence  time  (that  is,  the  maximum  time  t  for  which  the  in¬ 
tegrand  is  non-negligible) 


The  quantity  hff  represents  the  effective  time  of  the 
atom-field  interaction  in  the  second  pulse  interval.  For 
example,  if  f,  ‘‘^id  '1  ^re  fixed,  this  long-pul.se  echo  se¬ 
quence  can  be  described  as  a  quasistimulated  echo 
scheme  in  which  the  "second  pulse"  starts  at  tj  and  has  a 
duration  while  the  "third  pulse"  starts  at  t^-i  „  and 
also  has  a  duration  The  effective  pulses  can,  in  turn, 
be  divided  into  pulse  strips  of  short  duration,  so  that  the 
signal  can  be  viewed  as  arising  from  a  short-pulse  dura¬ 
tion  stimulated  echo,  with  the  second  and  third  pulses 
provided  by  these  symmetric  strip  pairs.  One  can  con¬ 
clude  that,  for  no  collisions,  the  major  contribution  to  the 
echo  is  from  all  symmetric  pulse  pairs  m  the  entire  region 
of  pulse  2;  w’th  veiocity-changing  collisions,  the  major 
contribution  to  the  echo  is  from  those  symmetric  pulse 


t 

pairs  within  a  coherence  time  t,.,,  of  the  pulse  borders  of 
the  second  pulse  region  (see  Fig.  12).  Therefore,  the  use 
of  an  extended  pulse  in  a  two-pulse  excitation  scheme  is 
inefficient  when  collisions  are  present,  since  the  central 
part  of  the  .‘-  'ond  pulse  does  not  contribute  to  the  echo 
formation. 


FICi  12.  In  the  presence  of  collisions,  the  extended-pulse 
photon  echo  can  be  described  equivalently  as  a  stimulated  pho¬ 
ton  echo  with  the  second  and  third  pulse's  durations  defined  by 
an  effective  coherenc  •  time  Note  lha'  as  a  result  of  col- 
. I, ions,  symmetric  pairs  of  pulses  from  the  central  region  of  the 
excitation  pulse  (see  Fig.  7l  no  longer  contribute  to  echo  forma¬ 
tion. 
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FIG  13.  Variation  of  the  echo  amplitude  (arbitrary  units) 
with  pressure  in  units  of  Curses  (a)  and  (ft'  represent 

solution  for  EI'PE  in  which  -1.  Curve  (u)  is  a  numerical 

solution  to  Eq,  '3,2.‘'(  and  curve  i/ois  an  approximate  analytic 
solution  of  Ecj.  i3,25i  which  varies  as  irr^;)  '  ^  For  reference 
purposes,  curse  ic  is  plotted  in  the  limit  that  «  1.  In 

this  case,  the  signal  decays  exponentially  as  exp(  -  Ft,. ). 


It  is  interesting  ti'  compare  variations  of  echo  ampli¬ 
tude  as  a  function  of  the  collision  rate  for  the  short-  and 
e.xtended-pulse  photon  echoes.  One  can  see  from  Fig.  13 
that,  for  short-duration  pulses,  the  signal  decays  ex¬ 
ponentially  ssith  increasing  collision  rate  F  [curve  (c)]. 
For  an  extended  pulse  (for  example, 
signal  dependence  on  F  is  shown  in  ettrve  (a)  of  Fig.  13. 
To  find  an  approximate  analytical  expression  characteriz¬ 
ing  curve  (a),  we  expand  Eq.  (3.25)  to  get 


I  ■ 


1 


(3.27) 


which  is  plotted  as  curve  (b).  The  variations  of  curves  (a) 
and  (b)  are  very  similar,  which  illus("ates  that  the  depen¬ 
dence  of  echo  amplitude  on  t!ie  velocity-changing  col¬ 
lision  rate  changes  from  cxp(-Ff,, )  for  F,,  ^<(,.  lo 
(F  /;,:)  for 

The  analysis  of  the  EPPE  in  the  !’  .  ■  ,:  frequency 

domains  allows  us  to  understand  the  me  .  :n  echo  sig¬ 
nal  with  increased  duration  of  the  seco-d  pul.se  "^irst,  re¬ 
gardless  of  velocity-changing  collisions,  it  i  ..ys  true 
that  the  longer  the  second  pulse,  tht  larger  ..e  popula¬ 
tion  difference  created  (recall  that  there  is  no  saturation 
on  the  echo  amplitude  as  a  function  of  the  second  pulse’s 
duration  m  this  perturbative  treatment).  Consequently 
more  dipoles  are  stimulated  to  emit  with  longer  second 
pulses,  as  has  been  discussed  in  Sec.  II.  Second,  as  the 
second  pulse’s  duration  is  extended,  there  is  a  larger  time 
range  when  population  density  rather  than  coherence 
density  exists  during  the  pulse.  In  order  words  the  pulse 


FIG.  14.  Variations  of  the  echo  decay  rate  [0.  defined  by  Eq. 
l3.28i]  of  the  photon  echo  with  the  second  pulse's  duration  (  ) 

for  the  weali-field  limit.  In  this  figure,  the  parameters  are 
chosen  as  Fp,,  0,  F  /ku  “0.5,  and  a /u  “0.06. 


sequence  acts  as  a  stimulated  photon  echo  with  the 
second  and  third  effective  pulses  formed  from  the  begin¬ 
ning  and  end  of  the  long  excitation  pul.se.  Therefore,  if 
the  pha.se  buildup  before  pulse  2  is  sufficiently  small,  the 
decay  due  to  velocity-changing  collisions  is  mostly 
suppressed  during  pulse  2,  as  in  the  stimulated  photon 
echo.  As  a  result  the  echo  increases  and  decay  rate  de¬ 
creases  relative  to  that  of  the  two-pulse  echo. 

The  above  features  may  be  seen  in  the  curve  of  Fig.  14, 
which  plots  the  echo  decay  rate  /?  as  a  function  of  Fp,, 
where  0  is  defined  as 

/,  =/„ip4(tp)!~e  (3.28) 

in  which  P  is  the  perturber  pressure.  Figure  14 
represents  a  numerical  solution  of  Eq.  (3.25),  in  which 
Fp^=0,  F/7;u=0.5,  and  ct/u=0.06.  As  long  as 

kati»  \  (that  is,  for  relatively  short  F^,),  the  echo  de¬ 
cay  rate  as  a  function  of  is  approximately  constant. 
There  is  no  suppression  of  decay  in  the  “population 
zone"  which  occurs  during  pulse  2,  since  the  phase  build¬ 
up  before  this  zone  is  sufficiently  large  to  guarantee  that 
any  collision  during  the  population  zone  kills  the  echo 
signal.  As  Fp,  increases,  r,  becomes  relatively  smaller 
such  that  kot,  <  <  1.  In  that  case,  collisions  during  the 
population  zone  do  not  diminish  the  echo  amplitude  and 
the  echo  amplitude  grows  dramatically  with  increasing 
Fpi.  This  result  exhibits  a  feature  that  is  essentially  simi¬ 
lar  to  an  experimental  phenomenon  observed  by  Yodh 
et  al.  in  an  extended-pulse  photon  echo,'**  even  though 
the  physical  parameters  in  the  experiment  are  not  con¬ 
sistent  with  either  the  weak-field  theory  of  this  paper  or 
the  value  of  F /ku  used  in  plotting  Fig.  14.  In  a  planned 
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companion  paper  for  strong  fields,  we  will  give  a  detailed 
discussion  and  comparison  between  the  theory  and  the 
experiment  for  the  appropriate  physical  parameters.  At 
this  point,  however,  we  can  note  that  a  <^tecrease  in  decay 
rate  for  the  EPPE  is  already  seen  in  the  weak -field  limit 
and,  provided  that  x/ku«\,  does  not  appear  to  be 
directly  connected  with  a  “strong-field  quenching",  as 
has  been  previously  proposed. Instead,  it  will  bt  shown 
that  the  mechanism  responsible  for  the  decrease  in  the 


decay  rate  is  the  same  as  that  already  appearing  in  the 
weak-licld  theory. 
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